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Summary 
Soil waterlogging, caused by both seasonal perched watertables and artesian 
groundwater discharge, is a major constraint (20 to 40% of land affected) on high-
value horticultural production expansion in the high rainfall South West of WA.  
Intensive subsurface drainage systems are being installed by landholders to mitigate 
these problems, however there is scarce data available on the effectiveness of these 
systems, or their environmental impact on downstream aquatic ecosystems.  This 
study reports on monitoring and observations taken over five-years from a 
subsurface drainage system installed under a 2-hectare intensive apple orchard near 
Donnybrook.  It is reported that: 
• Intensive subsurface drainage under orchard conditions can be extremely efficient 
in removing excess water from the shallow saturated zone, with up to 78% of 
rainfall (or 500 mm) being removed during one season from a previously 
waterlogged site. 
• The environmental impacts of subsurface drainage reported are low with 
extremely low rates of phosphorus (<0.6 kg/ha/yr, <0.01 mg/L) exported which 
indicates that subsurface drainage on clay textured surface and subsurface soils 
could actually reduce net phosphorus export. 
•  Drainage water loads of the more soluble nitrogen (as nitrate) were moderate 
(<10 kg/ha/yr) under mature orchard conditions and similar to reported surface 
flow concentrations from other orchard areas.  The levels were below the drinking 
water guideline standard of 10 mg/L. 
• Analysis of groundwater for heavy metals and other anions indicated no 
contamination after more than 40 years of orcharding on the site. 
• Analysis of groundwater, subsurface drainage water and surface water for 
pesticide residue showed no contamination, even for the highly residual 
organochlorine group.  All analyses showed levels were well below drinking water 
limits, with most below detection limit despite a history of heavy use. 
•  Subsurface drainage could provide a valuable source of water for summer 
irrigation if stored, however the salinity levels of the water would need to be 
monitored to ensure that they did not exceed desirable levels.  
• Subsurface drainage removed up to 2.2 t/ha/yr of salt from the soil profile, more 
than compensating for likely salt inputs to the system.  
• Although the system did not eliminate tree death it did eliminate the effects of 
transient waterlogging on an otherwise very wet site.  Tree death occurred on a 
discrete artesian seepage that developed during the study in response to a very 
wet winter and rising deep groundwater pressures.  A similar seepage area 
adjacent to the site was completely rehabilitated using relief drainage. 
• This study indicates that intensive orchard production on the clayey textured soils 
of the Donnybrook area is likely to have negligible impact on water quality of the 
area, if carried out under normal responsible management regimes. 
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1.  Introduction 
This report documents results of research carried out within the Donnybrook area to 
determine appropriate management for shallow groundwater system responsible for 
waterlogging of horticultural crops.  On one irrigated and previously waterlogged 
orchard block we assess the role that subsurface water control had on fruit 
production and soil water conditions.  The owners selected the site for an apple 
orchard, however likely problems with waterlogging were discovered and subsurface 
drainage and relief drainage systems were designed and installed. 
Management of the environment to preserve the quality of both agricultural and 
natural ecosystems is a major challenge facing Western Australia (George et al. 
1997) and the rest of the world.  Sustainability is measured in terms of 
environmental, social and economic costs and benefits.  While this report focuses on 
the environmental aspects, it recognises that there is a fundamental association 
between the health of an industry and the quality of the land and water resources it 
draws upon.  The Western Australian fruit industry is keen to represent, and seek 
market advantage from, the image of “clean and green” sustainable, production 
systems.  This can provide a marketing edge over produce from the USA and 
Europe, where intensive production systems are common. 
Fruit production is an extensive land use and important industry in the south west of 
WA producing $69.5M of produce annually (1995), with pome and summer fruit 
contributing $60M (Anon. 1997).  Within Donnybrook Shire for example, gross value 
of fruit production was $24M in 1996/97 (Hatherly et al. 2001) and expects strong 
future export demand.  Therefore the demand for land on which to pursue these 
enterprises is strong, with new ways being sought to enable horticultural uses on land 
that was previously deemed unsuitable because of limitations such as waterlogging 
and poor summer irrigation water supply. 
Waterlogging is a major restriction to horticultural expansion on the South-West 
Coastal Plains, the Western Darling Range and Warren-Denmark Southland soil-
landscape zones, which extend from Perth to Denmark and inland to Collie and 
Frankland.  It is estimated that between 20 and 40% of the cleared land in this region 
is affected by waterlogging (Tille 2001, Ferdowsian and Greenham 1992).  This 
includes areas of low relief, low lying positions such as valley floors, areas close to 
geological barriers to water movement, and seepage areas where groundwater is 
discharging at the surface. 
Dryland salinity, while not as widespread or as visual as inland, also affects soils and 
water supplies in the area.  It has been estimated that within the Western Darling 
Range and Warren-Denmark Southland soil-landscape zones dryland salinity affects 
5% of cleared land and is expected to increase to 11% by 2020 (Ferdowsian et al. 
1996).  Most soil salinity occurs on and adjacent to local seeps that are discharging 
brackish groundwaters (e.g. 600 mS/m EC) and can cause severe yield reductions 
over small areas.  However the largest impact is in areas of shallow watertable and 
enhanced risk of waterlogging.  Direct effects are caused by localised brackish 
discharge of groundwaters into dams used for irrigation of very salt sensitive 
horticultural crops.  This can make these dams and creeks unsuitable for horticultural 
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production.  It is also important to maintain or reduce salt loads in the root zone of 
plants, under these conditions. 
Of concern with intensive drainage systems is the amount of nutrients exported into 
downstream aquatic environments with the drainage water, particularly under high 
application rates such as with intensive horticulture.  Gerritse and Adney (1992) 
found that in the hills near Perth, concentrations of nitrate in stream flow are the 
highest and proportional to annual inputs of nitrogen in subcatchments dominated by 
orchards.  They found 20-50% of all applied nitrogen was lost from orchards via 
surface stream flows.  Higher levels of K, SO4, Cd Zn and Cu were also found in 
subcatchment streams dominated by orchards over other land uses, all attributable to 
surface run-off.  Subsurface drainage is often thought to have the potential to 
increase loads of nutrients however, by increasing soil water storage capacity and 
therefore reducing run-off potential, the reverse may be true.  For example, Bennett 
et al. (2001) found that subsurface drainage actually decreased the annual loads of 
nitrogen and phosphorus, after the drain’s initial settling period, because it produced 
less surface run-off and allowed more soil retention of these nutrients.  Harrison 
(1994) in a review of nutrient run-off sources in the Murray-Darling Basin found 
subsurface drainage water from irrigated horticulture was typically much lower in 
phosphorus but higher in nitrogen than surface run-off.  The likely levels of these 
nutrients generated from subsurface drainage are therefore important information if 
subsurface drainage is installed as a treatment for waterlogging in the area. 
The leaching of horticultural pesticides into waterways has been of past concern.  
Atkins (1982) monitored the presence of organochlorine levels in the Preston River 
which drains much of the Donnybrook region and found that, for example, dieldrin 
levels were amongst the highest of any rivers in south west Western Australia.  All 
organochlorines tested (dieldrin, DDT, aldrin and heptachlor) had levels that 
exceeded the maximum recommended levels for aquatic ecosystems.  The heavy 
use of these chemicals for horticulture was blamed for the levels found.  Klemm 
(1989) repeated the study five years later and found the levels of the same pesticide 
had decreased substantially, with levels exceeding maximum recommended levels 
much less often and at fewer sites along the river.  This was thought to be because 
all organochlorines were banned from agricultural use in 1987, and more 
organophosphates were used which have a shorter residual life than the 
organochlorines.  Other reasons were better agricultural practices.  We therefore 
decided in this study to test for organochlorines and organophosphates that had been 
used on the area in the past as well as some of the more recently applied common 
orchard pesticides to ensure that they were not being mobilised with subsurface 
drainage. 
This report documents the environmental and production impacts of a subsurface 
drainage system on an intensive apple orchard near Donnybrook on land previously 
regarded as too waterlogged for apple production.  Data previously unavailable 
locally on groundwater quality and trends in that landscape are also presented from 
the site for use as a possible benchmark for the future. 
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2.  Site details 
2.1  Location 
2.1.1  Geology 
Sunnyhills Farm is located on the eroded remnants of Cretaceous (64 to144 million 
years old) sedimentary sandstones and siltstones.  These sediments are usually 
associated with the Perth Basin on the west of the Darling Fault, however near 
Donnybrook, Cretaceous sediments form a small embayment (about 5 by 10 km) to 
the east of the fault and overlay the Archaean gneiss of the Balingup Complex 
(Hassan 1998).  They are probably much shallower (<50 m) than those of the Perth 
Basin, as for example, Koomberi (1995) reports that the depth in Donnybrook 
townsite was in the order of 20 to 30 m.  Deposits of the so-called Donnybrook 
Sandstone, a fine to medium-grained feldspathic sandstone are quarried. 
Sunnyhills Farm straddles Violet Brook, a steeply incised ephemeral stream in the 
headwaters of the Capel River.  The south side of the creek, where the orchard 
drainage area is situated, rises rapidly from the stream base (~140 m AHD) to a 
broad gravelly plateau (200-220 m AHD) approximately 1 km to the south.  There are 
several groundwater seepage areas on the lowerslopes of the southern flank of Violet 
Brook on Sunnyhills Farm.  These are likely to be discharges from sedimentary beds 
that have been intersected by the incision of Violet Brook through the Cretaceous 
sediments. 
2.1.2  Climate 
The region is characterised by cool wet winters and annual hot and dry ‘summer 
droughts’.  Annual rainfall at Donnybrook is 997 mm and typically occurs between 
May and September (70 to 80%), with little rainfall in summer when pan evaporation 
rates (annual 1200 mm/yr) regularly exceed 10 mm/day.  Annual rainfall during the 
study period (1993-99) was slightly below the average of 997 mm, although 1996 
was wetter than average (Table 1). 
In normal years, run-off accounts for approximately 20 to 50%, recharge 10 to 20% 
and evapotranspiration (of annual-pasture based agricultural systems) 30 to 70% of 
annual precipitation.  Intensive apple orchards require an additional 400 to 1,000 mm 
depending on the type of irrigation system, tree age and seasonal conditions.  In 
most cases water is applied during summer and autumn months, usually via micro-
irrigation. 
2.1.3  Soils 
The soils have been described by Tille (1996) who classified them as Donnybrook 
Subsystem, Donnybrook Low Slopes phase.  He describes this system as typically 
having gradients of 5 to 20%, comprised of loamy earths, deep sands and sandy 
gravels.  The soils have good capability for orchards except around hillside seeps 
where waterlogging and shallow groundwater become a major limitation.  
Waterlogging of duplex soils within the system is also a primary concern for fruit 
trees.  Soil water erosion is also another major risk on steeper slopes. 
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2.1.4  Site history 
The site (see Figure 1) was a pear orchard from about 1960 to 1991 and then sown 
to pastures grazed by beef cattle until the drains were installed in 1992.  A new 
orchard, mainly apples, was established in 1993.  An attempt had been made to drain 
the pear orchard as an old timber tile drain was uncovered during the new drain 
construction.  Interestingly this drain, possibly constructed over 30 years ago, was 
still discharging significant amounts of water (0.5 L/sec). 
Eucalyptus globulus (blue gum) plantations were established in 1990 on wet seepage 
areas to the east and west of the drained area (Figure 2). 
One drainage system was installed in April 1992, consisting of broad paddock 
drainage using deep pipe drains and collector pipes (subsurface drainage).  
Following observations during the winter of 1992, a second relief drainage system, 
was investigated using deep drilling, undertaken in 1993 to determine the source of 
the spring on the eastern edge of the area (Figure 2).  A deep (5 m) relief drain was 
installed near piezometer HH02 (Figure 2) in July 1993 to drain the spring by 
providing better drainage from the deeper, more conductive sediments. 
The subsurface drained area was cultivated and sown to lupins and oats in winter 
1993.  In spring 1993, 750 kg/ha of double superphosphate was applied before the 
orchard tree lines were mounded using a road grader and then most of the area 
(approx. 2 ha) was planted with 2,220 apple trees (Sundowner and Fuji varieties).  
The tree rows were aligned with the slope at 4 m spacings, with the trees planted at 
approximately 2 m spacing along the row (to be grown under the intensive “axis” 
training system).  Complete coverage of orchard was completed in 1993 with the 
addition of some plum varieties on the eastern edge.  Irrigation of this orchard is via 
dripper lines, supplied from on-farm dam storages (EC 60-80 mS/m) and applied in 
response to evaporation measurements.  Average application during the study period 
was approximately 450 mm/summer.  The area was enclosed with birdproof netting 
in 1994. 
2.2  Drainage design and site layout 
2.2.1  Subsurface drainage 
Figure 2 shows the layout of the drainage area.  The drains were installed on a 
herringbone system in April 1992.  Drainage consisted of 7,100 m long drains 
installed on the maximum practical available grade (about 2%).  A collector drain was 
installed to convey the drained waters to the dam and creek.  30-m drain spacing 
was used.  The drains (0.7 to 1.0 m deep) were lined with slotted pipe (65 and 
80 mm ‘Draincoil’) and covered with a 2 to 5 mm sand envelope. 
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Figure 1.  Location of the study area on Sunny Hills farm 
The sand was filled to about 0.5 m from the soil surface (i.e. 0.2 to 0.5 m thick) and 
the remainder filled with soil.  The drains were constructed using a laser-guided 
conventional small excavator. 
Buried solid 90 mm stormwater pipe was used to carry the collected water down the 
hill on the western edge.  Inspection points were located at each junction.  The outfall 
of this pipe is into an irrigation supply dam located on Violet Brook.  The total area of 
drainage was about 2.6 ha, however only 1.5 ha was monitored because it was more 
convenient to make use of the water from the top two drains by discharging it into a 
dam located west of the area.  The cost of the full system installation was $10,000, or 
about $3,500/ha. 
Since this system was installed, two drainage contractors in the South West Region 
have begun offering this type of drainage installation service, using laser-controlled 
automated pipe laying machines.  These machines excavate the trench, lay the pipe 
and backfill with blue-metal in a single pass operation, reducing installation costs to 
around $6 to 8 per metre of drain.  This would equate to about $2,000/ha for the 
Sunnyhills system. 
 
 
Study Area 
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Figure 2.  Layout of the drainage systems and monitoring sites at Sunnyhills orchard 
2.2.2  Relief drainage 
Drainage of an active artesian seepage ‘eye’ adjacent to the shallow drainage area 
(Figure 2) was undertaken in spring 1993.  This followed the drilling program that 
identified a highly permeable and transmissive sandy layer (bore HH02) at 4.5 to 6 m 
depth (Appendix 1).  The drainage consisted of an excavation to 6 m depth in the 
centre of the seepage (adjacent to bore HH02) and installation of five concrete well 
liners.  A 90-mm pipe was installed on a gradient from near the bottom of the well 
liners to discharge at the ground surface and into the water supply dam.  The well 
liners and pipe were then covered with soil spoil. 
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3.  Experimental methods 
3.1  Hydrogeology 
Shallow (2 m) piezometers denoted HH01S-HH03S and deeper (8 m) piezometers 
denoted HH01I-HH03I were drilled at three locations on the eastern edge of the 
subsurface drained area (Figure 2).  This was to evaluate the nature of the regolith, 
describe the sedimentary sequences and monitor the level and quality of the 
groundwater. 
Drilling was conducted in April 1993 using the Agriculture WA rotary-air blast HM12 
drilling rig.  Holes (106 mm diameter) were drilled and lined with 50 mm class 9 PVC 
(40 mm for the shallow holes) and the annulus adjacent to the screen (2 and 1 m 
long, deep and shallow respectively) backfilled with graded sands at the zone of 
interest.  The annulus was sealed with an inert, swelling clay (bentonite) above the 
screen and at the soil surface and caps were placed at both ends of the pipe. 
Records of the materials drilled (drilling logs) were collected at the time of drilling, 
including depth, texture, colour, mineralogy and a description of the lithology 
(Appendix 1).  During drilling, samples were collected at 1 m intervals and later 
analysed for pH, EC1:5, ECe, chloride and saturation (Appendix 2). 
3.2  Groundwater monitoring 
Measurements of groundwater level were recorded approximately monthly on 
monitoring sheets after measurement using a fox whistle and tape measure.  
Groundwater electrical conductivities (EC) were recorded quarterly to annually.  
Samples were collected in the field and EC analysis undertaken in the laboratory with 
a Jenway conductivity meter.  Prior to sample collection for salinity determination, 
piezometers were emptied by air purging or bailing and allowed to recover.  Samples 
were collected using a copper bailer.  All piezometers were monitored from 1993 to 
1999. 
Water samples were collected from each of the deep piezometers in September 
1993 and analysed at the Chemistry Centre of WA for major ions and metals using 
the standard analysis undertaken for potentially potable water sources (Appendix 3). 
Additionally, total N and P analysis was undertaken at piezometers HH02 and HH03 
in September 1997 to determine any change in their levels after four years of 
intensive fertiliser application. 
3.3  Drain monitoring 
The subsurface drain outfall was fitted with a Davis Shepherd 50-mm impeller-type 
incremental flow meter.  The site was visited weekly (while there was flow) in 1993 
and 1998 and fortnightly to monthly from 1994 to 1997.  The higher sampling 
intensity in 1993 and 1998 was undertaken to collect more intensive measurements 
at orchard ages 1 and 5.  During visits, the flow meter reading was recorded and a 
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water sample taken.  Bucketfill/stopwatch tests were also undertaken to check the 
accuracy of the meter. 
Water samples were kept frozen until the Chemistry Centre of WA undertook 
analysis for total N, total P and EC.  Additional analysis of nitrate N, ammonium N, 
soluble reactive P and total P was undertaken in 1993 and 1998.  
Considerable problems were experienced with fine dead roots and other detritus 
blocking the impellor of the flow meter during 1997 and no reliable flow volumes were 
obtained.  Pipe blockage caused by the roots of the nearby E. globulus plantation 
occurred during 1994, 1995 and 1996.  The edge trees of the plantation were culled 
in autumn 1997 and this contributed to the flowmeter blockages that year because of 
continued problems from dead root material flowing in the drains.  There were no 
such problems in 1993 and 1998. 
The relief drain outfall was monitored for flow rate and water analysed for EC on an 
add-hoc basis.  All samples were analysed according to criteria set by the Chemistry 
Centre of WA Analytical laboratories and summarised in the Agriculture WA Water 
Quality Manual (George et al. 1996). 
3.4  Pesticide contamination study 
Water samples were collected into acid-washed, opaque glass bottles from 
piezometers HH02I, HH03I, the subsurface drainage outfall and the bottom of the 
lower supply dam in September 1997.  Care was taken to ensure that minimal air 
contact and stirring occurred during sample collection.  This was done by first 
submerging the bottles in a bucket filled with the sample solution and then inserting 
the sampling hose into the bottles and then letting it run for several minutes to ensure 
the sample volume was completely replaced.  The bottles were capped while the 
bottles were still submerged.  Water was extracted from the bores using a plastic, 12-
volt submersible pump.  The drain sample was collected direct from the flowmeter 
outfall and dam sample was collected from a siphon pipe installed to the bottom of 
the dam.  The samples were cooled and analysis was undertaken the following day. 
Possible groundwater contaminants were identified from chemical use history of the 
new apple orchard and possible previous use on the removed pear orchard.  Analysis 
for dieldrin, heptachlor, DDT, endosulfan, fluvalinate, maldison, permethrin, 
cypermethrin, diazinon, glyphosate and AMPA (glyphosate metabolite) was 
performed by the Environmental Chemistry Laboratory (WA Chemistry Centre) using 
standard techniques.  Organophosphorus and organochlorine compounds were 
analysed using dual-column GC-ECD and GC-TSD.  Glyphosate was determined by 
post-column derivatisation HPLC with fluorescence detection.  Copper was 
determined by atomic adsorption spectroscopy.  Carbaryl was not analysed because 
it is known to break down very rapidly with soil contact (D. Jones, Chemistry Centre 
pers. comm.). 
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4.  Results and discussion 
4.1  Hydrology and groundwater level monitoring 
At all three piezometer sites, the drilling revealed weathered sedimentary (most likely 
Cretaceous) sequences to the depth drilled (8 m, Appendix 1).  Site HH01 (upper 
slope) was sandy surfaced (to 0.5 m) with the rest of the profile being gravelly or 
sandy clay, with tight fine clay encountered at the bottom of the hole.  Drilling for 
piezometer HH02 (mid-slope near the springs) revealed the existence of a coarse 
alluvial aquifer from 3.5 to >6m, which comprised of sub-rounded quartz grains 
ranging in size from 1 to 35 mm.  Flow rates from this aquifer during the development 
procedure approached 35 m3/day, and the bore was artesian, having a standing 
water level 1.32 m above ground soon after drilling.  Soils above this aquifer were 
tight sandy clays forming a partial aquitard, however it is likely that the springs 
located near this piezometer are the surface expression of this aquifer through 
weaknesses in this layer.  Drilling further down the slope, at HH03, did not intersect 
any similar sandy artesian aquifers, the profile being mainly bedded sedimentary 
clays, sandy clays and fine sands with minor organic beds. 
Analysis of drilling samples for saturation percentage, used as a measure of clay 
content (Appendix 2), showed similar sequences in the profiles as described in the 
drilling logs.  Soil pH levels decreased with depth at sites HH01 (5.9 at surface to 4.3 
at 8 m) and HH03 (7.2 to 4.3).  At HH02 the clayey aquitard layer was acidic (pH 4.0 
to 4.5) with the rest of the profile in the range 5.2 to 5.9.  Soil-water extract (ECe) 
salinity levels were very low (<51 mS/m) throughout the profile at HH01.  Levels were 
slightly higher at HH02 but still low, between 60 and 98 mS/m.  The 0-1 m soil 
sample at both HH02 and HH03 had a moderate salinity level (165 mS/m).  Total salt 
(NaCl) storage calculated from EC1:5 analysis (Appendix 2) to 8 m at HH01, HH02 
and HH03 was 148, 254 and 442 t/ha respectively.  Corresponding salt storage at 0-1 
m depth was 3, 4 and 15 t/ha. 
Figures 3 to 5 show the results of the groundwater monitoring at the three 
piezometers.  HH01S contains water (above 2 m, bottom of the hole) only during 
winter and early spring.  Because the water levels are above those of the deeper 
piezometer, the site can be considered a recharge site for the deeper groundwater 
during those periods at least.  HH01I shows seasonal fluctuation of levels around 7 m 
depth.  On first inspection there appeared to be no trend in the water levels at HH01.  
However, analysis of this data was also undertaken using HARRT, a statistical tool 
that analyses groundwater data using the effect of long-term rainfall patterns, 
determined by accumulative residual techniques (Ferdowsian et al. 2001).  Figure 6 
indicates that piezometer HH01I would have a rising trend or 0.212 m/yr, if the 
influence of the drier than normal period coinciding with the monitoring was 
discounted.  Phases of drier conditions are indicated by the ‘effect of rainfall’ line 
having a general negative slope.  A negative slope can be seen on Figure 6 for the 
past 10 years except for 1996, when the trend became positive for one year and the 
measured water levels also showed a rising response to the wetter year.  The 
interpreted rising trend indicated that the groundwater system may not be in 
equilibrium, which could be the result of more recent forest clearing and thinning 
(timber harvesting) in the upslope forested areas. 
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Site HH02 shows the impact of the nearby relief drain installation on water levels in 
spring 1993.  The piezometric pressure level in HH02I fell abruptly from 1.5 m above 
ground to 1 to 2 m below ground when the drain was installed.  The impact on 
HH02S was less abrupt, requiring a year for the water stored in the upper clayey 
profile to drain sufficiently to attain a new equilibrium level between 0.5 and 2 m 
below ground, depending on seasonal conditions.  The relief drain has changed the 
groundwater conditions at the site from a constant discharge potential to a seasonal 
recharge potential (winter) and discharge potential (summer). 
Site HH03 (lower slope) had a very slight discharge potential throughout the 
monitoring period with both shallow and deeper piezometric levels near the ground 
surface during winter, falling to 1 to 2 m during the summer period.  These levels 
were very likely within the capillary range of ground surface.  There is evidence of 
reduced summer water level since 1996 that could be influenced by the drainage 
systems upslope.  However it is more likely to be because of the increased summer 
transpiration of the orchard.  There are no long-term trends in water levels at HH02 
or HH03 and HAART analysis was not undertaken because it is not appropriate 
where discharge conditions, rather than rainfall trends, are likely to be the main 
influence of groundwater levels.  
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Figure 3. Groundwater level and salinity monitoring results for piezometer site HH02 
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Figure 4. Groundwater level and salinity monitoring results for piezometer site HH02 
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Figure 5. Groundwater level and salinity monitoring results for piezometer site HH03 
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Figure 6. Water levels with accumulative annual rainfall trend and long-term water 
level trend for HH01I 
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4.2 Groundwater salinity monitoring 
Groundwater salinities (as measured by EC) at HH01I and HH01S are very low 
(average 37 and 30 mS/m respectively) and show no long-term trend.  This indicates 
a site where recharge is significant and net flow of groundwater water is away from 
the site.  Small peaks in the salinities (up to 80 mS/m) occur during the late 
summer/autumn periods due to seasonal evaporative concentration. 
Salinities at HH02I and HH02S are initially 210 mS/m and both exhibited a 
decreasing trend, to 180 and 140 mS/m respectively by the end of the monitoring 
period.  This decrease in salinity is likely to be due to the relief drainage effects, 
removing salt storage from the soil, and the change in hydrologic conditions from net 
discharge (or salt accumulation) to seasonal recharge (or seasonal salt leaching) 
conditions.  This is further evidenced by the quicker rate of salinity reduction evident 
in the shallow piezometer. 
Groundwater salinities in HH03I are low (average 70 mS/m) and remained constant 
during the monitoring period indicating steady lateral flow rates within the aquifer at 
the screened interval (6-8 m).  HH03S shows an increasing trend from 74 mS/m in 
September 1993 to 215 mS/m in November 1996.  Since November 1996, salinities 
show a decreasing trend to 136 mS/m in September 2000, the final measurement.  
The initial increasing trend could be due to a reducing winter rainfall producing a 
combination of less dilution of groundwater by fresh recharge, with reduced near-
surface salt run-off or export.  The reduction in salinity since 1996 may be due to the 
net effects of salt removal from the subsurface drainage system, however there is a 
three year lag between drain installation and the commencement of this trend. 
4.3  Groundwater potability analysis 
The results of standard potability analysis of water samples collected from each of 
the deeper piezometers in September 1993 are given in Appendix 3. 
The 1993 sampling showed that the sodium and chloride levels were high in HH02I 
and HH03I, reflecting the higher EC values (above NH&MRC drinking water guideline 
levels of 100 mS/m).  High total phosphorus and nitrate concentrations in the 
groundwater are likely to be reliable indicators of agricultural contamination.  HH02I 
and HH03I had very low levels of nitrate (<1 mg/L), while HH01I was slightly higher 
than the drinking water guideline limit of 10 mg/L.  This could be explained by the site 
being a net recharge site, having sandier textured profiles, allowing vertical leaching 
of nitrate which is soluble and mobile under these conditions.  Total phosphorus 
concentrations were low at all piezometer sites, indicating high phosphorus retention 
within the clayey soil profiles.  All other major ions for which analysis was undertaken 
occurred in very low levels, below drinking water guidelines. 
Total nitrogen and phosphorus analysis repeated in 1997 for HH02 and HH03 as part 
of the pesticide contamination study (Table 4, Section 4.4), showed that levels of 
these nutrients have fallen.  Total phosphorus levels had reduced from 0.06 to 
<0.01 mg/L and 0.43 to 0.11 mg/L at HH02 and HH03 respectively from 1993 to 
1997, with total nitrogen levels being 0.13 and 0.18 mg/L respectively in 1997.  This 
indicates that recent orchard management and drainage practices have not 
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contributed to increased levels of these nutrients in the groundwater.  The results in 
Appendix 3 also show that, with the exception of iron and lead at HH02 and HH03 
and manganese at HH03, there were very low levels (below NH&MRC drinking water 
guideline levels) of heavy metal contamination of groundwater at the site.  Iron is a 
common natural contaminant of groundwater in the South-West, while lead is also 
likely to be from natural sources as it has no horticultural use.  Copper is used 
extensively as an orchard fungicide, is soluble and mobile in groundwater and is 
likely to be a good marker element for horticultural contamination, however was 
present in very low levels. 
Hirschberg and Appleyard (1996) carried out a survey of non-point source 
contamination of groundwaters on the northern and southern Perth Basin.  Results 
from analyses of 562 bores surveyed (all screened within 10 m of the watertable of 
the first aquifer intersected) showed that the only major changes in groundwater 
chemistry observed were increases of ammonium and nitrate concentrations in areas 
of intensive agriculture.  In the southern Perth Basin (most relevant to this study), 
only three bores of 240 had nitrate concentrations above 10 mg/L.  However, over 62 
bores had ammonium (N-NH4) concentrations above 0.25 mg/L, with 32 above 
0.5 mg/L.  Levels above 0.25 mg/L were considered to be primarily due to 
anthropogenic (human-induced) impacts. 
4.4  Subsurface drainage  
4.4.1  Flow characteristics 
Annual drain flow and rainfall characteristics are presented in Table 1 and show that 
the drainage system can remove up to 78% of rainfall during the period that they are 
flowing.  However, there were large variations in total flow measured between years, 
with flows varying from 82 mm in 1994 to over 500 mm in 1993 (821 and 5,010 m3/ha 
respectively).  This cannot be explained by variations in either annual rainfall or 
rainfall during the period when the drains were flowing (drainage flow-season rainfall) 
because the drainage efficiency varied between 15 and 78%.  Rainfall was typically 
below the average of 997 mm in all years except 1996, when above-average (1,112 
mm) rains were recorded at Donnybrook.  In every year, drainflows only occurred 
during winter and early spring, indicating that the system was draining seasonal 
perched systems mostly due to in situ recharge and not permanent groundwater. 
Most drainage occurred in 1993 and 1998 when 500 and 476 mm of groundwater 
was removed from the orchard area.  In other years it is likely that roots from the 
nearby E. globulus plantation were restricting water movement in the system, as well 
as inaccuracies (by causing blockages) in flow meter measurement particularly in 
1996 and 1997.  It is unlikely that the roots had gained access to the pipe system in 
1993 because it had only recently been installed.  The closest trees to the system 
were culled in early 1997 and the system was most efficient in the following year.  
This also indicates that roots from the apple trees planted over the drained area have 
had no impact on the system, at least up to 1998 when the trees were five years old. 
SUBSURFACE DRAINAGE AT AN INTENSIVE APPLE ORCHARD 
 21
Table 1.  Summary of annual subsurface drain flow and rainfall 
Year Annual 
rainfall 
(mm) 
Drainage season 
rainfall (mm) 
Drainage 
flow (mm) 
Drainage efficiency 
(Drainflow as % of flow-
season rainfall) 
Total flow 
(m3/ha) 
1993 868 722 501 69 5010 
1994 733 550 82 15 821 
1995 929 760 162 21 1616 
1996 1112 896 250 28 2500 
1997 934 740 No reliable flow data 
1998 818 607 476 78 4763 
The results from Table 1 also indicate that subsurface drainage systems can deliver 
significant flows, up to 5,000 m3/year/ha and if this water is captured and stored, 
provide a valuable water resource for re-application during the following summer 
irrigation season.  At this site, flows during the winters of 1993 and 1998 would have 
provided between 50 and 75% of the water requirements for the same area of 
orchard during the following summer.  However, the salinity of the drainage water 
exceeded the desirable maximum limit of 80 to 100 mS/m on occasions.  The flow 
weighted EC levels (Table 2) indicate that for a full year’s flow in any monitored year 
the EC values were below 85 mS/m.  This measurement is likely to be more 
important when storing water for later re-use than high salt concentration flow during 
short periods. 
4.4.2 Subsurface drainage water salinity characteristics 
Table 2 summarises the total salt loads exported through the drainage system for 
each year of monitoring.  It shows that the total load is related to the total water flow 
and that during 1993 and 1998 when the drains were operating efficiently, over 2 t/ha 
of salt was exported from the area.  This is considerable, given that drilling sample 
analysis showed that salt storage at 0-1 m depth, prior to drainage was between 3 
and 15 t/ha (upper and lower part of the area respectively).  It shows that the 
subsurface drainage can have a large impact on salt storage and the salt balance at 
the site, given that salt addition through rainfall is approximately 200 kg/ha/year. 
Salt load contribution from groundwater flow towards the site cannot be accurately 
assessed however it is unlikely to exceed 2 t/ha/yr and maybe substantially less.  At 
this level there would need to be 200 mm effective evaporative discharge of 
groundwater with a salinity of 1,000 mg/L or 200 mS/m.  The falling trend in shallow 
groundwater salinity at HH03 since 1996 may indicate that shallow salt storages are 
reducing with subsurface drainage 
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Table 2.  Annual total salt, N and P export from the subsurface drainage 
Year Total flow 
(m3/ha) 
Total salts 
(kg/ha) 
Flow weighted 
EC (mS/m) 
Total N  
(kg/ha) 
Total P  
(kg/ha) 
1993 5,010 2,164 79 8.9 0.06 
1994 821 354 78 11.2 0.01 
1995 1,616 621 69 23.6 0.02 
1996 2,500 957 70 11.4 0.02 
1997 No reliable flow data 
1998 4,763 2,232 85 7.8 0.02 
Figure 7.  Comparison of drainage water EC with chloride levels 
The salt load was calculated from EC values using the equation:  
TSS (mg/L)=EC*5.5 
This is the standard conversion in WA (George et al. 1996) where NaCl is the main 
dissolved salt contributing to EC.  This was tested by comparing EC with chloride 
levels (Figure 7) and it was found that chloride concentration accounts for 96% of 
variation in EC. 
The drain flow rate and water EC characteristics are shown in Figure 8.  There is no 
trend in EC between years with the range generally between 60 and 120 mS/m.  
However, there appears to be a trend of decreasing salinity within each flow season 
that is shown more clearly in Figure 9.  This type of analysis would be very useful if 
the drainage water was stored and re-used.  Early season flows could be diverted 
until the EC level declined to a threshold, for example 100 mS/m, depending on the 
crop and the proportion of drainage water to other sources being irrigated or stored. 
Cl (mg/L) = 2.6 x EC(mS/m)
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Figure 8.  Subsurface drainflow and salinity characteristics   
Figure 9.  Seasonal changes in drainflow EC with date during 1998 drainage flow 
4.4.3  Subsurface drainage water nutrient characteristics 
Analysis was also undertaken that compared EC with flow rate, however it showed a 
very poor negative correlation (R2 <0.1), as did similar correlations comparing total N 
and total P with flow rate. 
Phosphorus export from the drains was extremely low, despite heavy application 
rates (Table 3), with loads being less than 0.02 kg/ha for all years except 1993 when 
despite application of 50 kg/ha, it was still only 0.6 kg/ha.  Similar very low rates of P 
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loss have been reported in other subsurface drainage studies, such as Bennett et al. 
(2001).  Their study reported much higher rates of loss (up to 2 kg/ha) through 
surface run-off on very low gradient perennial pastures in South West WA, which was 
attributed to physical removal of soil particles to which P was attached.  It was also 
demonstrated that subsurface drainage reduced total P loss (combination of both 
surface and subsurface flows) because surface flows were substantially reduced 
because much more rainfall was able to infiltrate the drained soil, rather than run off.  
Although surface flow were not measured at Sunnyhills, it is likely that a similar 
mechanism is in operation, with P being effectively fixed and immobile in the clayey 
textured soils.  Typically P concentrations were below 0.01 mg/L, the analysis 
detection limit.  
Table 3.  Total application rates of nitrogen and phosphorus 
Year N applied (kg/ha) P applied (kg/ha) 
1993 13 50 
1994 Records unavailable 
1995 50 20 
1996 114 38 
1997 88 26 
1998 105 30 
Nitrogen loads (Table 2) and concentrations (Figure 10) were highest in 1994, 1995 
and 1996.  During 1996, which had the highest application of nitrogen (114 kg/ha), 
only 11.7 kg/ha was measured as export through the drains.  In 1998 both load 
(7.8 kg/ha) and concentration were much lower under rates of application on the 
mature orchard, even though application rates were high 105 kg/ha).  During 1998, 
drain flow concentrations were all below drinking water limit guidelines.  This 
contradicts studies from the eastern states that have reported high nitrogen 
concentrations and loads in subsurface drainage under agricultural conditions (e.g. 
Harrison 1994).  Gerriste and Adeney (1992) reported up to 10 mg/L of nitrate in 
surface run-off from orchards in WA.  Bennett et al. (2001) reported similar high 
concentrations to those measured here, from irrigated subsurface drained pastures 
but also reported that total annual loads derived from surface run-off could be up to 
twice as high. 
Most of the nitrogen loads measured were in the highly soluble nitrate form 
(Figure 11) which explains why it can be found in high concentrations in both 
drainage and run-off waters following heavy application.   
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Figure 10.  Nitrogen concentrations and flow rates during the monitoring period 
Figure 11. Relation of nitrate to total nitrogen in the drainflow  
Application techniques such as fertigation where small amounts of nitrogen are 
applied regularly through the irrigation system could be one way of reducing nitrogen 
loss to the environment, together with re-use of drainage water.  Another way of 
minimising nitrogen export is by storing the drainage water in dams where nitrogen 
will be lost to the atmosphere by de-nitrification processes (Cottingham et al. 1994) 
or by re-using the drainage water onto the orchard. 
0
2
4
6
8
Ja
n-
93
Ju
l-9
3
Ja
n-
94
Ju
l-9
4
Ja
n-
95
Ju
l-9
5
Ja
n-
96
Ju
l-9
6
Ja
n-
97
Ju
l-9
7
Ja
n-
98
Ju
l-9
8
Ja
n-
99
Ju
l-9
9
Date
0
10
20
30
40
50
Drain Flow Rate (mm/day)
Total N Concentration (mg/L)
0
5
10
15
20
25
30
35
0 5 10 15 20 25 30 35
NO3 (mg/L)
Total N = 1.078xNO3
R2 = 0.942
SUBSURFACE DRAINAGE AT AN INTENSIVE APPLE ORCHARD 
 26
4.5  Relief drainage 
No intensive drain monitoring or nutrient analysis was undertaken on the relief drain.  
However, limited monitoring showed that the drain flows all year at rates between 
0.5 L/sec at the end of summer and 2 L/sec during winter and early spring.  Salinity 
ranges from 146 mS/m during the highest flow rates and 229 mS/m at the end of 
summer.  This means that the relief drain system discharges nearly 40,000 m3/yr 
along with about 35 t/yr of salt from the deeper aquifer underlying the orchard.  
Unfortunately the water is too saline for most horticultural uses but could be mixed 
with better quality water in a poor run-off year when stored supplies may be low.  It 
also demonstrates the capacity of these types of relief systems to generate large 
volumes of water that could be very valuable if it was fresh, while removing a 
waterlogging problem upslope.  As discussed in section 5.1, the system has 
stabilised groundwater levels to 1-2 m below ground, which is enough to provide a 
sufficient root zone for the orchard and rehabilitate the seepage area (0.25 ha), which 
is now dry even in winter.  Seepage from the relief drain is equivalent to recharge 
from 10-40 ha of land with an equivalent recharge rate of 100-400 mm per year (10-
40% rainfall).  
4.6  Orchard observations 
Surface observations indicate that transient waterlogging has been eliminated by the 
drainage system.  Only the area around the springs was waterlogged in 1992.  There 
have been no tree deaths in the lower section of the drained area planted to 
Sundowner variety.  However, in the upper section where the Fuji variety was 
planted, a discrete area of about 700 m2 (25 m by 30 m) began to show waterlogging 
symptoms after 1996.  Within this area there are about 50 dead trees with 40 others 
having stunted growth due to waterlogging (approximately 5% of the orchard).  The 
onset of these symptoms occurred at age 3 during the above-average 1996 
winter/spring rainfall period.  Rainfall at Donnybrook was 170 mm during September 
1996, which is well above average and caused significant apple tree deaths and 
decline attributed to waterlogging.  This new seepage also causes considerable 
tractor trafficability problems during orchard operations. 
The presence of waterlogged (saturated soil) conditions is most critical for deciduous 
fruit crops such as apples during the late winter/early spring when root growth 
commences, just prior to dormancy break.  Waterlogging at this time causes root tip 
death after only a few days, because anaerobic conditions prevent root respiration by 
limiting soil oxygen levels and gasses such as carbon dioxide, cyanide and ethylene 
accumulate around the roots at toxic levels (Tille 2001).  Even partial death of the 
root system at this time causes reduced ability to uptake water and nutrients as the 
profile dries out, producing stunted trees with telltale small yellow, leaves.  Often, 
affected trees will die later during the growing season. 
The distribution of the impact (confined to a single area with distinct edges shown in 
Figure 12) and the appearance of the area with strong seepage flow, even from the 
sides of the raised mounds, indicate that this area is a result of artesian groundwater 
discharge rather than transient winter waterlogging.  It is interesting to note that it 
occurs on the same contour as the seep addressed with the relief drainage but is 
approximately 80 m distant.  This new area was not apparent during drainage 
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installation or orchard establishment and is likely to have been activated in the above 
average 1996 rainfall season but in response to generally rising groundwater 
pressures upslope.  That is, the pressures were high enough to create a permanent 
pathway through the aquitard during 1996. 
 
Figure 12.  Discrete side and upper edge of the seepage area showing healthy trees 
adjacent to the affected trees on the seepage area (extends to the right) 
The subsurface drainage network is unable to cope with the artesian flow from this 
seep mainly because it is a point source flow and its expression is also between two 
pipe laterals.  Another point relief drainage system would be required to drain this 
seep and is likely to be similarly very effective.  However, because it would need to 
be installed within an existing orchard, an installation similar to the other system 
would present special challenges, given the large excavation required.  An alternative 
may be installation of one or two shallow (~6 to 8 m deep) bores into the aquifer and 
dewatering these using a surface siphon lines.  This approach warrants further 
investigation, given the prevalence of similar seepages within established orchards in 
the district. 
Apple yields from the drainage area in 1998 were 22 t/ha from the Sundowner variety 
and 18 t/ha from Fuji, perhaps reflecting the loss of production caused by the 
seepage area.  An average yield of 35 t/ha is usual for both varieties in the district. 
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4.7  Pesticide contamination study 
The results from the analysis of possible agricultural groundwater contaminants, 
sampled in September 1997, are presented in Table 4.  They show that all of the 
pesticides tested had levels well below the limits for drinking water, with most being 
at or below detection limits.  The levels of the organochlorine pesticides dieldrin, 
heptachlor and DDT were also below the recommended levels for maintenance and 
preservation of aquatic ecosystems (Anon. 1981).  Even though use of all 
organochlorines has been banned on orchards in the area since 1987 (before which 
there was widespread application to pears and apples), they are chemically stable 
and persistent in soil and soil water and can be a useful marker for other chemicals 
that have been similarly applied.  Organophosphates such as maldison and diazinon 
are generally less stable in soil and have a short residual life (Anon. 1983).  Total N 
and total P levels were also below drinking water guidelines. 
Table 4.  Results of the 1997 agricultural pesticide contamination study 
 Drain outfall Dam  
bottom 
Mid-slope 
peizometer 
(HH02I) 
Lower slope 
piezometer 
(HH03I) 
Drinking 
water 
limit* 
µg/L:      
Dieldrin 0.015 0.002 <0.001 <0.001 0.3 
Heptachlor <0.001 <0.001 <0.001 <0.001 0.3 
DDT <0.001 0.001 <0.001 <0.001 20 
Endosulphan <0.001 0.001 <0.001 <0.001 30 
Fluvalinate <0.05 <0.05 <0.05 <0.05 ### 
Maldison <0.05 <0.05 <0.05 <0.05 50 
Permethrin 0.07 0.06 <0.05 0.05 100 
Cypermethrin 0.05 0.05 <0.05 0.06 ### 
Diazinon <0.001 <0.001 <0.001 <0.001 3 
mg/L:      
Copper <0.1 <0.1 <0.1 <0.1 2 
Glyphosate <0.01 <0.01 <0.01 <0.01 1 
AMPA ** <0.01 <0.01 <0.01 <0.01 - 
N_total 0.48 0.57 0.13 0.18 # 
P_total <0.01 0.01 <0.01 0.11 0.2 ## 
* Australian Drinking Water Guidelines, 1996  **Glyphosate metabolite 
# No guideline however nitrate and nitrite are 10 mg/L and 1 mg/L repectively 
## Canadian Drinking Water Guidelines  ### No guideline limit available 
Organochlorine and organophosphorus compounds analysed using dual column GC-ECD and GC-
TSD.  Glyphosate determined by post-column derivatisation HPLC with fluorescence detection.  
Copper determined by atomic absorption spectroscopy (Chemistry Centre of WA) 
Sampled September 1997 
Orchard chemicals used: 2-chloroethylphosphonic acid, Alphacypermethrin, carbaryl, copper, 
Cytokinin, Endosulphan, Fenbtatinoxide, Feraminol, Fluvalinate, Glyphosate, Maldison, Mancozeb, 
Pyriferox. 
SUBSURFACE DRAINAGE AT AN INTENSIVE APPLE ORCHARD 
 29
Even though this was a single ‘snapshot’ sampling, the sampling strategy should give 
a good representation of contaminant levels in the groundwater systems below 
similar horticultural activities in the area.  This is because effectively all water 
systems were sampled, including the deeper groundwater system (piezometers to 
6 m) and the shallow groundwater system from the subsurface drainage outfall.  
Surface run-off from the site was not directly sampled, however an indication of this 
can be determined from the analysis of the water collected from the dam bottom.  
Surface and subsurface seepage catchment to this dam includes most of the 
Sunnyhills orchard as well as other orchards and grazing land upstream on Violet 
Brook. 
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5.  Conclusions 
This study has provided evidence that intensive subsurface drainage in a suitable 
area and under orchard conditions can be extremely efficient in removing excess 
water from the shallow saturated zone, with up to 78% of rainfall (or 500 mm) being 
removed during one season from a previously waterlogged site. 
Although the system did not completely eliminate tree death attributed to 
waterlogging it did eliminate the effects of transient waterlogging on an otherwise 
very wet site.  Tree death and reduced growth occurred on a discrete artesian 
groundwater seepage that developed during the study period in response to a very 
wet winter and rising deep groundwater pressures.  A similar seepage area adjacent 
to the site was completely rehabilitated using relief drainage, a method that would 
similarly control the new seepage effectively if installed.  The different groundwater 
processes causing waterlogging and different methods used to drain them highlight 
the need for detailed hydrologic examination before a drainage system is designed 
and installed.  Also the risk of subsequently changing groundwater conditions needs 
to be assessed during design.  Additionally, novel ways of installing relief drainage 
systems in existing orchards with minimum site disruption are required and a bore 
and siphon system is proposed in this report. 
Given the right soil properties, the environmental impacts of subsurface drainage are 
low with extremely low rates of phosphorus (<0.6 kg/ha/yr, <0.01 mg/L) exported.  
This indicates that subsurface drainage on clay-textured surface and subsurface soils 
could actually reduce net phosphorus export by reducing surface run-off, which is 
likely to carry much higher levels of phosphorus.  Drainage water loads of the more 
soluble nitrogen (as nitrate) were moderate (<10 kg/ha/yr) under mature orchard 
conditions and similar to reported surface flow concentrations from other areas.  The 
levels were still below the drinking water guideline standard of 10 mg/L. 
Subsurface drainage could provide a valuable source of water for summer irrigation if 
stored, however the salinity levels of the water would need to be monitored to ensure 
that they did not exceed desirable levels.  In this study, the subsurface drainage 
removed up to 2.2 t/ha/yr of salt from the soil profile, which had up to 15 t/ha at 
commencement of drainage, more than compensating for likely salt inputs to the 
system.  Groundwater monitoring showed evidence of the drainage system reducing 
watertable salinities, however it also showed the possibility of rising trends in 
groundwater levels in upperslope locations in the area.  This rise may be a response 
to upslope clearing. 
Analysis of groundwater for heavy metals and other anions indicated no 
contamination after more than 40 years of orcharding on the site, with the exception 
of nitrate, which had slightly elevated concentrations.  Similarly, analysis of 
groundwater, subsurface drainage water and surface water for pesticide residue 
showed no contamination, even for the highly residual organochlorine group.  All 
analyses undertaken were well below drinking water limits, with most below detection 
limit despite heavy orchard use in the past. 
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This study indicates that intensive orcharding on the clay soils of the Donnybrook 
area is likely to have negligible impact on water quality of the area, if carried out 
under responsible management regimes. 
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8.  Appendices 
Appendix 1.  Drillers field logs for piezometers HH01, HH02, HH03 
Site details 
Date:  29 April 1993 Landform unit: Upper slope 
Catchment/project:  Capel River,Violet Brook/Sunnyhills 
Orchard Drainage 
Year cleared: 
Owner:  Helgo & Helga Huebner Location number:  Wellington 1312 
Local bore #:  HH01I & HH01S AMG Northing (m): 6277577.509 
W+R bore #: AMG Easting (m): 393778.027 
Drillers: Don Bennett, Richard George & Helgo Huebner AHD (m): 161.537  
Depth (m) Sample description and drilling comments Geology  
0.0–0.5 Yellow/grey gravelly sand. Overburden 
0.6 Yellow/orange gravelly sandy-clay with quartz common. Overburden 
2.0 Pale grey, quartz rich, clayey-sand to sandy-clay. Cretaceous sediments? 
4.0 Muscovite mineral plates to 5 mm. Quartz, angular–sub-
rounded. Some Felsdspar? (i.e. white crunchy mineral). 
Cretaceous sediments? 
5.0 Micas (black fine mineral) in a clayey sand. Cretaceous sediments? 
5.5 Poorly weathered quartz, feldspar and micas. Quartz is 
angular but sub-rounded. Large plates of muscovite/mica. 
Cretaceous sediments? 
6.0 Coarse quartz chips to 20 mm, rounded. Cretaceous sediments? 
6.2 Fine white clay. Fine mica minerals in clay. Very fine quartz. 
Sticky heavy clay. 
Cretaceous sediments? 
8.0 End of hole.  
 Perhaps weathered Donnybrook Sandstone?  
 (Shallow hole details in brackets below).  
Depth drilled (m): 8.10 (2.00) Water/foam/detergent injected (m): None 
Casing total length (m): 8.37 (2.30) Est. watertable during drilling (m):  5.5 
AGL (m): 0.30, (0.30) Casing installation:  GOOD/O.K./FORCED: Good 
Screen length (m): 3.00 (1.00) Estimated yield:  Very low 
Material screened: Sedimentary sandy clay SWL at completion (m):  Dry 
Drill method/bit size (diam. mm): RAB 106  
Casing type & diam. (mm): 50 (40) First SWL (m): 7.3 (dry) on 5/5/93 
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Appendix 1 (cont).  Drillers field logs for piezometers HH01, HH02, 
HH03 
Site details 
Date:  29 April 1993 Landform unit: Mid-lower slope 
Catchment/Project:  Capel River,Violet 
Brook/Sunnyhills Orchard Drainage 
Year cleared: 
Owner:  Helgo & Helga Huebner Location number: Wellington 1312 
Local bore #:  HH02I & HH02S AMG Northing (m): 6277709.498 
W+R bore #: AMG Easting (m): 393727.586 
Drillers:  Richard George, Don Bennett. AHD (m): 152.458 
Depth (m) Sample description and drilling comments Geology  
0-0.2 Pale yellow/brown loamy sand.  Overburden 
0.2 Orange/yellow/brown clay/loam, coarse quartz,  Overburden 
1.2 Tight grey sandy clay. Sub-rounded quartz grains lodged in 
sample.  No other major minerals obvious. Moisture and a 
gleyed grey colour by 2.5 m. Estimated watertable at 2.5 m. 
Cretaceous sediments? 
3.5 Gritty a/a quartz to 15 mm. Some micaceous glistening 
minerals (minor). 
Cretaceous sediments? 
4.5 Making water, good flow. About 1l/second from coarse quartz 
to fine sand. 
Cretaceous sediments? 
6.0 Brown fine clay. Quartz grits in airstream. Cretaceous sediments? 
8.0 Unsure of layering if any. Sample contaminated by quartz 
from above.  Muscovite attached. <1% Feldspar.  Sub-
angular to sub-rounded edges, smooth on most grains to 10 
mm. 
Cretaceous sediments? 
 Making approximately 1 L/second from 5-6 m.  
 EOH – too much caving in.  
 ✼ Concreted collar and put bentonite pellets in after 2 
buckets of powder. Pump tested with our pump at 
0.3 L/second (fresh tasting). Quality 220 mS/m pH =4. 
 
 (Shallow hole details in brackets below).  
Bore Completion Details 
Depth drilled (m): 8.00 (2.2) Water/Foam/Detergent Injected (m): None 
Casing total length (m): 10.00 (2.50) Est. Watertable during drilling (m): 2.5 
AGL. (m): 2.00 (0.30) Casing installation:  GOOD/O.K./FORCED: Good 
Screen length (m): 4.00 (1.00) Estimated yield:  8 kL/day 
Material screened: Sed. sand and clay layers. SWL at completion (m): 
Drill method/bit size (diam. mm):  RAB 106  
Casing type & diam. (mm):  50 (40) First SWL (m): 0.68 (1.12) on 5/5/93 
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Appendix 1 (cont).  Drillers field logs for piezometers HH01, HH02, 
HH03 
Site details 
Date:  29 April 1993 Landform unit: Lower slope 
Catchment/Project:  Capel River, Violet 
Brook/Sunnyhills Orchard Drainage 
Year cleared: 
Owners:  Helgo & Helga Huebner Location number: : Wellington 1312 
Local Bore #:  HH03I & HH03S AMG Northing (m): 6277801.641 
W+R Bore #: AMG Easting (m): 393630.908 
Driller:  Don Bennett, Richard George AHD (m): 143.682 
Depth (m) Sample Description and Drilling Comments Geology  
0.05 Brown/orange loamy sand. Drill resistance low Overburden 
0.5 Large Quartz pieces.  Orange sandy clay and grey sandy clay. 
Gritty, sandy clay (moist). 
Overburden 
3.0 Becoming redder by 3 m. Overburden 
4.0–4.1 White very fine sand – sandy clay. (Added water as drilling was 
too slow & sticky). 
Sediments 
4.2 Hardpans, ironstone with sandy material between hardpans. 
Some quartz and mica. Quartz to 25 mm. Ironstone to 30 mm, 
cemented sand. 
Sediments 
4.5 Organic material, fine “root mass”, small fibrous strands of root 
1 cm in diameter (some hardpans still). 
Sediments 
5.2 Fine clayey sand, grey-green colour. Water flow of <5 kL/day. Sediments 
6.0 Added water.  Grey clayey sand to sandy clay, fine.  Very fine 
quartz, abundant. 
Sediments 
7.0 A/a some coarse material (flow increased?). Sediments 
8.0 Dark brown/black, fine sandy clay. Micaceous silty, sticky fine 
material. Really dark ‘organic”’looking stuff. Has some coarse 
quartz in bands (minor). 
Sediments 
 (Shallow hole details in brackets below).  
Bore Completion Details 
Depth drilled(m): 8.00 (2.00) Water/foam/detergent Injected (m): Water 
Casing total length (m): 8.52 (2.57) Est. watertable during drilling (m): 2  
AGL. (m): 1.00 (1.00) Casing installation:  GOOD/O.K./FORCED: Good 
Screen length (m): 3 (1) Estimated yield: 5 kL/day 
Material screened: Sed. clay and sand beds SWL at completion (m): 
Drill method/bit size (diam. mm):  RAB 106  
Casing type & diam. (mm): 50 (40) First SWL (m): 1.77 on 5/5/93 
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Appendix 2.  Analysis of drilling samples at three piezometer sites 
Piezometer 
No. 
Depth 
(m) 
pH (1:5) EC1:5  
(mS/m) 
@25oC 
Chloride 
% 
Saturation 
% 
ECe 
(mS/m) 
HH01 0 5.9 7 <0.01 45.9 51 
HH01 1 5.8 4 <0.01 36.9 21 
HH01 2 5.4 2 <0.01 50.3 9 
HH01 3 4.8 3 <0.01 42.6 11 
HH01 4 4.6 5 <0.01 48.8 22 
HH01 5 5.0 3 <0.01 41.3 22 
HH01 6 4.9 3 <0.01 43.8 20 
HH01 7 4.6 8 0.01 57.4 38 
HH01 8 4.3 10 0.01 70.7 41 
HH02 0 5.5 11 0.01 50.7 77 
HH02 1 5.7 8 0.01 38.5 60 
HH02 2 4.5 12 0.01 45.4 71 
HH02 3 4.0 14 0.02 46.5 90 
HH02 4 5.3 5 0.01 27.6 69 
HH02 5 5.2 6 0.01 27.1 69 
HH02 6 5.4 6 0.01 25.3 72 
HH02 7 5.5 7 0.01 28.1 92 
HH02 8 5.9 8 0.01 30.6 98 
HH03 0 7.2 37 0.01 62.2 165 
HH03 1 5.3 13 0.01 39.7 89 
HH03 2 4.0 14 0.01 40.2 84 
HH03 3 4.7 7 0.01 42.1 36 
HH03 4 4.7 7 <0.01 28.4 67 
HH03 5 4.7 8 0.01 33.2 63 
HH03 5-8 4.3 16 0.01 50.8 98 
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Appendix 3.  Results of potable water analysis from three 
piezometers, September 1993 
 HH01I HH02I HH03I 
pH 4.8 3.9 4.4 
Colour (TCU) <5 <5 <5 
EC (mS/m @ 25oC) 24.9 235 222 
Major ions (as mg/L):    
Total hardness (as CaCO3) 34 194 128 
Calcium Ca 2 2 2 
Magnesium Mg 7 46 18 
Sodium Na 34 398 121 
Potassium K 2 5 10 
Bicarbonate HCO3 2 <1 <1 
Chloride Cl 50 698 213 
Sulphate SO4 10 55 24 
Nitrate NO3 15  <1 <1 
Silica SiO2 28 37 36 
Boron Bo 0.06 0.04 0.02 
Total Persulphate Phosphorus TP 0.97  0.06 0.43  
Metals (mg/L):    
Cadmium Cd <0.001 0.001 <0.001 
Iron Fe 0.26 0.56 *** 5.7*** 
Lead Pb 0.02 0.1*** 0.01 
Manganese Mn 0.03 0.06 0.18*** 
Copper Cu 0.24 0.99 0.19 
Chromium Cr <0.02 <0.02 <0.02 
Nickel Ni <0.05 <0.05 <0.05 
Zinc Zn 0.05 0.05 0.06 
*** Indicates level exceeds NH&MRC guideline levels. 
